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TECENICAL NOTE NO, 712

A PRELIMINARY STUDY OF THE PREVENTION OF ICE ON AIRCRAFT
BY THE USE OF ENGINE-EXTAUST HEAT

By Lewis A, Rodert
SUMMARY

An investigation was made in the N.A.C,A, ice tunnel
at air temperatures from 200 to 28° F, and at a velocity
of 80 miles per hour to determine whether ice formations
on a model wing could be prevented by the use of the heat
from the engine-sexhaust gas. Various spanwise duet sys- N

tems were tested in a 6-foot-chord ¥,A,C,A, 23012 wing
mod.el. . R )
The formation of ice over the entire wing chord wag -
prevented by the direct heating of the forward 10 percent
of the wing by hot air, which was passed through leading- g
sdge ducts, Under dry conditions, enough heat to maintain
the temperature of the forward 10 percent of the wing at
about 200° P, above that of the ambient air was reguired
for the prevention of ice formation. The air temperature
in the ducts that was necessary to produce these skin
temperatures varied from 360° to 8340 F,; the correspond- .

lng air velocities in the duct were 152 and 45 feet per
second,

Ice formations at the leading edge were locally pre-
vented by air that passed over the Interlor of the wing

surface at a velocity of 30 feet per second and a tempser-
ature of 1220 F,

INTRODUCTION

The formatlion of ice gn aircraft in flight remains a
serious problem for both commercial and milltary opera-
tion., "Although various means of preventing and removing
ice have been proposed and tried, none has proved entirely
satisfactory. The most successful method to date, which
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ig in common use on alrplanes in this country, employs

the Goodrich deicer that removes ice from the leading
edges of the wings and the tail surfaces by mechanical ac-
tion, This device, however, falls to c¢liminate ice satis-
factorilily under some conditions, although its action 1s
boing constantly improved. Another method that has been
proposed and studied to some extent is the use of heat
from the engine exhaust (reference 1); but thus far the
possibilities of this system have not been fully investi-
gated or developed. Existing data indicate that suffi-
cient heat is available; the problem is therefore to de~
termine how this heat can be utilized to the best advan-~
tage or, in other words, the problem is one of distribu-
tion.

The present ilnvestigation, which was carried out in
the N.A,C.A. ice tunnel, 1s concerned with the distribu-~
tion of engine exhaust heat and 1ts effectiveness in the
removal and the prevention of ice on the airplane wing.,
An analysis of the distribution of heat over the wing in-
dicates that, as the heat flows from the root toward the
tip, only the guantity of heat needed for ice prevention
at successive points along the span should be glven up to
the atmosphere at each point., This restriction will in-
sure an adequate supply of heat for ice prevention at the
wing tlps and a minimum weight of the duct syetem. Thie
investigation of heat distribtution is therefore concerned
with the chordwise distribution problem. Although the
tests are preliminary in nature and should be extendod to
cover the tople more broadly, the present data appear to
be of some interest. :

APPARATUS

The investigation wae conducted iIn the N.A.C.A, 7~
by 3-foot ice tunnel at a minimum temperature of 20° F,
The tunnel velocity for the test runs was 80 miles per
hour, UNatural precipitations were simulated by admitting
water to the alr stream through a spray nozzle. The tun-
nel test section with the model and the spray are diagran-
matically shown in figure 1. A source of heated gas,
such as wounld be available from an engine exhasust, was
simulated Dy blowling air through a2 multitube eloctrice
heater.

An N.,A,C.,A, 23012 airfoil section having a 72-inch
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chord was used for the models, Three models, represent-
ing different duct systems, were used during the tests,.
The structure of the models simulated that of an all-
metal wing insofar as the structure affects the distridu-
tion of heat along the chord. Forced circulation within
the model was obtained by placling three small electric
fans within the structure.

Model A, the thermocouple locations, and the duct
that carries the heated air through the wing are shown
in figure 2, The model ends were attached through an in-
sulatiug material to the tunnel wall. The heated air was
led from the heater to the tunnel wall and then through
the model to the opposite tunnel wall where it was dis-
charged to the atmosphere.

"Model B, shown in figure 3, differs ounly in duct
area and shape from model A.

Model ¢, shown in figure 4, has & tube 3-1/2 inches
in diameter leading the heated ailr along the span. It
will be noted that the wall of this tube wasg separated
from the model surface covering by an air gap but that,
in models A and B, a part of the duct wall censtituted
the airfoll skin over 10 percent of the chord at the lead-
ing edgs.

TESTS AND RESULTS

Ice formations.~- Preliminary to the iavestigation of
the distribution of heat over the wing and the actual ice
removal, a study was made of the various forms of ice
that were obtalnable with the spray equipment. The form
of ice obtained was determined by the tunnel air spesd
and temperature, {he drop size discharged from the spray
nozzle, and the tdmperature of the waterdrops just prior
to striking the mo el surface. :

The range of dontrol over the formation of ice was
such that & simulation of all typical ice formations
found in flight could be produced.

4 photograph and a sketch shown in figure 5 illus-
trate a glaze-ice formation on the model, This formatien
18 typical of ice encountered in precipitating clouds at
temperatures about 28° F. The adjustment of the nozzle
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for this formation was such that large drops of water
struck the model, Figurs 6 illustrates a rime formation,
which is typical of ice that would build up on a wing
passing through a supercooled mist of very small water-
drops. The spray nozzle was adjusted so that only very
small waterdrops struck the model, Rime ice formed only
along or near a stagnation-~pressure region. Other signif-
lcant data are given on the sketches of figures 5 and 6,

After the ice~formation tests were made, it was con-
cluded that the most severs condition that could be im-
posed on an ice-prevention system using heat was one rep-
resentling the combination condition of a low temperature
and an abundance of waterdrops. Such a condlition results
in' an ice formation over the leading edge of the wing that
extends to the after portion if sufficient time 1s allowecd
for the accretion te grow. A preclpitating cloud with a
temperature between 200 and 28¢ F. will give this condi-
tion., The heat-distribution and the ice-removal tests -
wore therefore made within this range of temperature.

Chordwise heat distribution,- The relsase of heat
from a gas to the walls of a duct through which it flows
is a function of the mass flow of the gas and the temper-
ature difference between the gas and the ducted walls,

As a means of control, heated air was forced through the
ducts at various temperatures and velocities., The mass

of air passed was moasured by an orifice meter in the air
line to the heater, The temperature of the gas was meas-

ured by a thermocouple at the location Txa' ag indicated

in figures 2, 3, and 4. The locations of the thermocou-
ples by which the skin temperatures were measured are also
shown for the three models in the figures,.

The observed data have been assembled in table I and
are plotted in figures 7 to 11 It will be noted that the
plotted temperatures are measured with referonce to that
of the tunnel air, Xxcept as noted in table I, the tunnel
air was dry during the hegat-distribytion tests,

An analysgis of. the distribution of the heat as it
leaves the gas and enters the duct wall indicates that
part is transmitted through the alr in the after portilon
of the wing, part is conducted rearward by the skin and
other chordwise structures, and the rest goes into the
boundary-layer air adjacent to the duct wall. The trans-
mission of heat rearward along ths ¢hord through the en-
closed air depends upon the internal air circulation and
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will be small unless forced circulation is provided. An
evaluation of the flow through the metal structure in a
chordwise direction may be made on the basis of an assumed
two~dimensional-flow conditlion existing rearward from the
10-percent-chord point on models & and B. '

The temperature of the metal referred to that of the
tunnel air at any point x. measured from the 10-percent-
chord point is given by the equation Ty = (x—o)e_ux

The exponential coefficient u 18 obtained from wu2= a/kt
in which o is the heat from the skin in

[B.t.u./(sq. ft.~-hr.)/OF. ], A is the conductivity ®f
metal in [B.t.u. /(sq ft.-hr,)/(PF./ft.)}, and t 1is
the equivalent thickness of the skin in feet.

The temperature rise over the upper surface of the
gskin of the after portion that is due to transfer of heat
through the structure has been calculated on the basis of
this equation and the data from one test, The temperature
at the 1lO-percent-chord point, . T(x:o)’ is related to the

temperature. T3 by the eguatlon T(x:o)'z Ta - Tgo, where

To 1s the temperature of the tunnel air.

LI |
by calculation, using the existing data, w = 7.5, The
resultant values for several points along the chord of the
wing’ gave values that are shown in the dotted line in fig-
ure 12, .

In the test chosen, T, = 320° F, and T, = 27° F.;

The difference between the dotted curve and that
drawn through the observed data is an indication of the
relative effectiveness of heat transmission through the
boundary layer. '

Ice removal,~- The general probdlem of ice removal and
preventlon was studie& under the various conditions that
may be encountered during flight. It was first assumed
that ice had formed on the alrplane wing before heated
gas was admitted to the duct, in which case the prodlem
was one of removel. The problem of removal may be con-
fined to the leading-edge region or it may be extended to
cover the entire chord, 1t was next assumed thait the wing
had becen heated prior to the time: that ico acerstion
started, in which case the'‘problem was one of prevention.
As in the ¢ade of ice removal, the problem of ice pre-
vention may be concerned with the leadling-edge region or
the entire chord, o LT
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The tunncl veloclty was 80 miles per hour and the
flow of heated air through the ducts was 16 pounds per
minute for all removal tests, The internal air-circulat-
ing fansg were used during some of the tests, Other test
conditions and results are given in table II,

DISCUSSION

Because of their preliminary and incomnclusive nature,
these results must be discussed with some qualification,
Certain general remarks, however, seem justified,.

The results indicate that the temperature of the
skin at the leading edge waich will prevent ice accretion
there is obtained with a relatively low duct-air tempoer-
ature, If ice prevention is to be extended, hawever, over
the entire chord by the use of the duct systoms tested, a
higher Vtemperature of the duct alr is reguired. The flow
of hoat rearward within the boundary-layer alr appears to
be principally responsible for the temperature rise of the
skin over the after portion.  This conclusion 1s reached
from a consideration of the significance 6f the heat flow
throuzh the enclosed air and the wing structure., The {on-
perature rise due to transmisslon through the structure
is analytically shown t¢o be small by the dotted curve in
figure 12, The temperature rise due to transmission and
convection through the enclosed alr even with fans opocrat-
ing is believed to be small, particularly with models A
and B, It was observed that skin-tempcrature measurements
made with the fans on arnd off _differed by &n amount =within
the average deviation of the data, With model ¢, it was
ovidont from the slope of the curves in figure 1l.that the
chordwise transmisgssion of heat within the wing had an ap-
preciable effect on the skin tempersatures.

It appears, therefore, that the principal source of
heat transmission along the chord is within the boundary
layer and that the rosults obtained in a given case will
be dependent upon .the nature of the boundary layer. The
gurface conditions, the scale, and the air-stream veloc-
ity would then be expected to have some effect on the
heat distribution obtained., In the prescrit caso, the .
surface condition of the wing was typical of current met-
al-covercd wings having smooth leading-odge sections.

In order to prevent the accretion of ice, sufficient

L A
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heat was ppovided to maintain the temperature of the skin
above freeglimg and also to supply waterdrops striking the
wing with enough heat to remove &ny condition of super-
cooling that existed. These reguirements remained un-
changed for different points of the wing chord.

Ice removal at the leaaing edge of the wing was pos-
sible when sufficient heat was supplied to melt the ice
at its contact with the skin faster than it formed and to
replenish the heat carried away by the air stirean. Ice
wasg removed over the after portion of the wing when suf-
ficient heat was provided to melt enough ice to form a
film of water between the ice and the skin, After This
water film was formed,the ice asceretion was blown off by
the air stream. An ice cap over the leading edge, how-
ever, would not blow off but had to be removed by melting.
The problem of removal over the leading edge will thers-
fore probably be more difficult than that of prevention

if the removal is to be effected in & short time - =

The type of ice formation did mnot alter the problem
of ice prevention or removal because, with the skin tem-
perature above 32° F,, any ice that had existed on the
leading edge prior to the application of heat melted and
ran back over the after portion. If prevention was un-
successful there, the resulting formation was mlways a
glaze 1ce. No difference couwld be observed between re-
moval of glaze ice and of rime ice from the leading edge.
The quantity of water released by the spray is indicated
by the rate of ice accretion when no attompt was made to
prevent the formation. Under such conditions, ice forméd
at the rate of about 3 inches per hour over about 26
inches of the airfeil span. o

Both removal and prevention were somewhat more dif-
ficult on the lower than on the upper surface. This in-’
creased difficulty may have been due either to a mors ~— -
turbulent flow over the under side of the model or to the
fact that the stagnation point is on the under side of the
nose, It will De noted from figures 7 tn 10 that the tem-~

" perature of the lower surface fell below tha®t of the up-

per in all cases,

In order to avoid confusion in the interpretation of
the results, it shoud be noted that the skin-temperature
measurements were made when the tunnel air was dry, ex-
cept as noted in table I, The same heating conditions
wers used in the ice-removal and the ice-formation tests,
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In the ice~removael tests (see tgble II) it wae found
that a duct-alr temperature of 890° F. produced skin tem-
peraturés over the entire chord which both removed ice
from the leading edge and prevented any lce from forming
on the trailing edge. During the skin-temperature inves-
tigation, & duct-air toemperature of 834° F. gave skin tem-~
peratures over the forward lO-percent-chord part of the
wing of about 2000 ¥, It appears that heatin~ this por.
tion of the wing enough to maintain a temperature of about
2000 F, above that of the ambient air under dry conditions
will prevent ice from forming over the entire wing chord
under icing conditions., These observations were made wlth
2 mass air flow of 16 pounds per minute, which corresponds
to a velocity of about 45 feet per second for the tempera-
tures mnoted,

_ Table I shows that the skin temperature is deter-
mined by both the duct-air temperature and the duct-air
velocity and that, in cases such as model B for which the
velocity is high, a skin temperature higher than 200° P,
at the leading edge is obtained with a duct-alr tempera-
ture of only 3609 F,, the corresponding duct~air velocity
being about 182 feet psr second.

Although a skin temperature of 200° F. over the for-
ward 10-percent~chord part 1s required for the complete
eliminatlion of ice, a temperature lower than 2000 F, above
that of the amblent air at the skin may be expected to be
satisfactory when a greater part of the chord is directly
hoated from within. The evidence is not conclusive, but
this conclusion may be suggested by the results of 1ce~
removal and temperature-distribution tests made with model
€. It will be noted from table II that ice was eliminated
over the entire chord with a duct-air temperature of 450°
F. (velocity about 200 f.p.s.) and, from table I, that a
duct-air. temperaturs of 430° ¥, gave skin temperatures at
the leading edge under 150° F, The duct system of model C
possibly gave direct heating to a greatsr percentago of
the chord.

By the extension of the chordwise proporition of the
duct untll the entire interior of the wing forms the pag-
sageway for the flow of heated gases, & system ig estab-
lished in which the lowest duct-air temperatures that pro-
vent ice may be expected. The results from a test of
model A given in table II 1ndlcate that ice 18 prevented
from forming on the exterior of the skin 1f the tempera-
ture of the duct air on the inside is about 123° ¥, The
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actual velocity for this case is 2bout 30 feet per second,
Tests of model B indicate that an interior temperature of
94° F, will prevent ice, Here the velociity is nearly 100
feet per second, These results may give an indication of
the temperatures and the velocities that will be required
if heated air is to be circulated throughout the interior
of the wing and if no concentration of heat 1s placed at
the leading edge. ) .

Practical considerations seem to indicate that the
operation of a duet system having some concentration of
heat at the leading edge, such as model C, augmented by
forced internal-air circulation wlll meet most practical
requirements., Although all duct systems tested prevented
ice on the wing, a modification of model C meets the
structural and the safety requirements common to airplane
design. The air circulation within the wing will avoid
the accumulation of explosive mixtures and will also pre-
vent overheating the structure locally., In addifion,
such a system offers a simple solutlion to the problem of
linear expanslon and contraction of the exhaust-gas duct,
A round spanwise tube could be supported in guldes; it
would thus have freedom to move lengthwise,

CONCLUSIONS

For the spray conditions existing during the tests,
which produced typical ice formations at about 2 inches
per hour, the following conclusions are drawn:

1. Ice formations over the wing of a 6-foot model
were romoved or prevented by a heating condition that
would produce a skin temperature over the leading 10-per-
cent portion of about 200° P. above tunnel air when the
spray was not operating. The gas temperature in the duct
that was necessary to produce this skin temperature var-
led from 360° to 834° F. with corresponding air-duct ve-
locitlies of 152 and 45 feet per second, respectively,

2, Ice formatlions at the leading edge were locally
prevented by air that passed on the interior of the wing
surface at a veloclity of 30 feet per second and at a tem-
perature of 1220 F, ' :

3. The heating requirements for the after poft{bn of
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a wing chord are less stringent than at the leading edge
because there it is only necessary to form a film of water
between the ice and the wing to effect removal.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Pleld, Va., March 15, 1839,
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TABLE I.- TEMPERATURE DISTRIBUTION TEST REBULTS =
>
[teste 14, 15, 16, and 39D, fans on) a
- »
Tost | ot fract Model temperature (°F) (Bee figs.2,3,and 4) Tumel
air T T, T T T T T ? T T r
Mnitm& ! ; ? * ’ § ! 8 ? 10 ltowpere-
(or,) F)
Mode). A, area 29 sg.in.
h | 25.8 21 540 00 | 198 | 12k | 10 540 | 156 7 90 26
5 ag.u ggg 262» 570 gao 205 | 130 10(3; 277 1h8 &7 90 27
7 | 16.0 | 900 | 131 78 208 | 1M1 86 78 16 | 117 78 78 27
8 |16.0 | &34 | 131 38 226 | 1 84 7| 359 [ 115 63 63 27
g | 224 | 725 | 153 h20 a3 | 1b5 | 10§ o | 242 135 ~— —-— 24
10 | 25,84 | 630 | 118 350 195 [ 111 s s | 248 92 Eg h2 24
11 | 25.8 534 92 23 122 80 5 34 1 6l 38 24
12 | 22.4 | 632 92 190 106 78 36 3% | 1 60 39 33 27
1 16.0 | 738 90 184 102 65 35 — | 133 53 ~— 27
e 16.0 9 39 - - - - - A — - 25
%15 | 16.0 | %00 -— -~ — - — — ~— -— - 35 25
85 | 16.0 | 122 - - - -— —_ -— -— - — 28 25
L}
8 ti
prey operating Model B, area 8.5 aq.in.
26 | 16.0 | 360 | 205 - 272 | 130 68 55 | 350 | 1o g ho 26
Model 0, area 7.l eq.in.
*28 | 16.0 95 aa — - - - - — — -—| - 20
%204 | 16.0 | 105 3 - 39 39 23 23, 28 50 32| 22 20
820 | 16.0 | 430 | 117 - 77 117 65 55 5 | 155 | 33 20
229D | 16.0 | W50 | 108 - - _— -~ E ~- - -~ 32 20
a29E | 16.0 | 230 %5 — 80 % 42 8 | 107 371 -~ 20
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Table I1.- Ice-removal-test conditions and results.
-air
[Mass duct/velocity for all tests, 16 1b./min.]

Tunnel- Duct-
air air
temperature temperature Test results
(°F) (°F)
25 890 A preformed glage-1ice cap,

3/8 inch thick, on the
leading edge and other
formations on the after-
bedy were removed and re-
freezing was prevented.

25 122 Ice formation was prevented
over the leading-edge
region, Glaze ice formed

Model A in unjoined chordwise ridges
near the trailling edge.

105 Glaze-ice formation over the
leading-edge region was
removed in 3 minutes., Ice
continued to form near the
tralling edge.

94 Ice formetion was prevented
over the leading-edge reglon.
Ice formed on the after
portion.

& 430 Glaze ice removed from all
partes of wing.

295 Ice prevented over leading- i
edge region
250 Leading-edge glaze-ice cap o

rewoved from lezding-edge
region in 12 minutes.

& Internal circulating fans turned on.
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